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Abstract
In cases where CO2 is transported over long distances onshore or locally compressed offshore the temperature at the 
wellhead will typically be below 31°C. If the well head pressure is below the saturation pressure two phases will 
occur at the injection point. A model of the injection well, taking into account the phase changes, adiabatic heating 
and thermal exchange with the surrounding rock down through the well has been developed to predict the phases’
density, pressure and temperature profiles along the well. A practical application of the model on the injection well 
in the Sleipner CO2 storage project was used to constrain the independent variables in a case where neither the 
pressure nor temperature is measured in the well. Despite the fact that the well is long and strongly deviated 
allowing good thermal contact between the well fluids and the rock the flow approaches adiabatic condition within 
few months. Injection is regularly stopped in the well for one to two weeks for servicing the well but this is not 
sufficiently long period to change this situation. With small modifications the same model can also be used model 
the transient behaviour of a CO2 well blowout or to model a leakage flow from a reservoir to the surface. 
© 2010 Elsevier Ltd. All rights reserved
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1. Background
From the head of the injection well to the reservoir the CO2 is affected by several physical effects that contribute 
to the pressure and temperature profile along the well. Heat will be exchanged with the surrounding rocks along the 
well. This will not only affect the fluid properties of the CO2 in the well but also the rock will be cooled or heated by 
the fluid flow. As CO2 is transported down the well, the CO2 is heated due to compression and to a lesser extent also 
heated due to frictional forces. If the CO2 is in two phases at the well head, also the phase changes have to be taken 
into account.
This may be important to predict accurately for several purposes. Design of the well diameters and perforations 
will depend on the capacity and pressure present at the well head. In case the CO2 is transported to offshore 
formations, the CO2 may arrive at the well at very low temperature and it may be important to know if the CO2 is 
below or above the hydrate temperature when the CO2 contacts the reservoir water. If the accurate pressure drop is 
known, the well head pressure can also be used to monitor the reservoir pressure if the CO2 is in a the single phase 
regime along the whole length of the well. In case there is a two-phase condition in part of the well, as in the case of 
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the Sleipner CO2 injection project, it will also be possible to take into account the special behaviour characteristic 
for two-phase flow. 
Models have been developed for use on water production in terrestrial heat projects and petroleum production. In 
the classical paper of Boldizsar [1] the transient solution of heat transport between rock and flowing water in 
geothermal wells is presented by using a simple analytical solution of the heat transfer contribution. Hagoort [2] has 
modeled a producing gas well based on Bernoulli’s equation for flow by applying some simplifying assumption on 
the thermodynamic properties of the fluids, which are valid for single-phase gases, and the heat diffusion 
contribution. Paterson et al. 2008 [3] specifically focus on the CO2 injection problem for a case with two-phase flow
at the well head, but only for an adiabatic case and another case with thermal equilibrium between the well fluids 
and the surrounding rocks. In another recent paper (Paterson et al. 2010 [4]) the thermal gradients are modelled in a 
well producing CO2 rich gas in single phase. The results are compared with observations from a real producing well.
The physical properties of CO2 often changes so rapidly along the well that simplifying assumption on 
thermodynamic fluid properties do not apply in situations where the CO2 is injected at temperatures below 31 °C. In 
this paper the problem with transient heat transport combined with two-phase flow is solved.
2. Basic equations and numerical
Bernoulli’s equation expresses the pressure drop along a flowing pipeline is as 
2
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Here p is the pressure, z is position, v is the fluid velocity, g is gravitational acceleration,  is the density,  is the 
angle between the pipe and a vertical line, f is the Moody friction factor and r is the inside radius of the pipe. The 
energy balance in the well is expressed as 
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where H is the enthalpy, Q is the heat low per unit length and m&is the masse rate.
The problem of heat flow from the rock to the well fluid is reduced to a two-dimensional problem by assuming 
that the thermal properties of the rock are the same at all depths and also constant at all distances all the way up to 
the flowing pipe in the well. Vertical heat flow is also neglected allowing the heat flow to be treated as a radial 
problem with cylinder symmetry. With this assumption Boldizsar’s [1] treatment of the heat exchange between rock 
to a flowing well can be followed.
The change in fluid temperature, Tf, is given by 
f
p
dT Q
dz mc
 
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(3)
where cp is the heat capacity of the fluid.
Q can be expressed as 
Q KF (4)
Comment [aag1]: Ufullstendig setning. 
Geothermal environment?
3936 E. Lindeberg / Energy Procedia 4 (2011) 3935–3941
where K is the conductivity of the rock and F is a function of time, t, thermal diffusivity of rock, D, and pipe radius, 
r, only. If f RT T   is defined as the difference in temperature between fluid and undisturbed rock, TR, the 
equation for temperature change can then be expressed as 
,
p p
d KF KFb where b
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where s is the geothermal gradient. This has a trivial solution (z = 0 at			
):
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The complexity is related to the function F only. Carlslaw and Jaeger [5] has solved this problem for a similar 
problem and expressing F as 
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For times larger than a few days, however, it is not necessary to developed this complicated integral of Bessel 
functions because the approximation
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is sufficiently accurate for typical values for D in rocks and r in CO2 injection wells except for at very small t.
In the case with phase transition, heat exchange and compression the differential equation obtained by combining 
Equation 1, 2, 6 and 7 and the enthalpy for both phases has to be accounted separately in the two-phase region. The
problem has to be solved numerically: the well is divided into a number of segments and the adiabatic problem is 
solved separately with Runge-Cutta integration over each section with a subsequent solution of the transient heat 
flow. The length of each section is changed automatically depending on how fast the thermodynamic properties of 
CO2 are changing to minimize the numerical error. In cases where the CO2 is in one phase far from the critical point, 
segment size, z = 6 m  was sufficient while near the critical point in the two-phase region step size less than z =
0.1 m would be needed on some extreme cases. To determine the exact depth where the fluid goes from two to one 
phase a special interpolation algorithm was applied, because simply reducing z till a sufficient accuracy was 
reached, was ineffective. Typically the total number of z-steps would be less than 1000.
The CO2 is assumed to be pure and its thermodynamic properties were calculated by an equation of state from 
Span and Wagner [6].
3. Practical application on two-phase flow at Sleipner project
In many practical applications of CO2 injection the CO2 will be in one phase at the wellhead. However, at any 
wellhead temperature, bellow 31 °C the CO2 may be in two phases if the well head pressure is below the dew point 
pressure. Onshore pipeline transport will typically give CO2 at 15 – 25 °C at the well head and during offshore 
pipeline transport the CO2 will arrive at a temperature at only 6 – 7 °C when it reaches the wellhead. The well head 
pressure will determine if the CO2 is in two-phases. Low temperature CO2 injected in shallow aquifers at 
hydrostatic pressure with high injectivity gives the possibility for two phase flow in the upper part of the well. Even 
at 24 °C it is, however, quite possible to have two-phase flow if the injection pressure is sufficiently low. This is the 
situation at the Sleipner CO2 injection project. The CO2 injection well 15/9-A16 at Sleipner was selected as a case 
study for this particular problem. The Sleipner injection well 15/9-A16 has also other features that may demonstrate 
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the potential of the model. The well is strongly deviated (Figure 1) and the distance along the well from wellhead to 
the perforation is 3120 m allowing good thermal contact between well fluid and rock. The upper 160 m of the well is 
insulated running in air through the platform leg to the sea floor. In this part of the well the flow is assumed to be 
transported adiabatically. When the well reaches the sea floor which initially is a 6 °C, the CO2 will start to loose 
some of its heat to the rock and the full problem from above has to be solved to compute the temperature, pressure 
and phase composition. Neither the gas/liquid ratio at the well head is not known or the bottom hole pressure and
temperature are monitored. Only the well head pressure, temperature and rate are monitored.  The well head 
pressure and temperature is monitored, but these are not independent variables because the pressure will always be 
the vapour pressure of CO2 at well head temperature as long as there are two phases at the well head. The 
temperature is determined by the cooling after the last step in the CO2 compressor and the pressure at the well head 
is equal to the vapour pressure at this temperature.
From the sea floor to the perforation the depth in the well varies as function of the horizontal distance to 
wellhead, x as 
, 146.602, 0.237149, 160bz ax c a b c m     (9)
While the contribution from the adiabatic heating depends on the vertical depth only, the frictional drag and the 
heat flow will be proportional to the actual pipe length, l, and each length segment, l is computed from Equation 10 
as
1 1 1/ sin(arctan( ( ) ))b bl z a b z c     (10)
in the numerical model.
Figure 1 Profile of the deviated CO2 injection well 15/9-A16 from the Sleipner platform to the Utsira formation. The total length 
from well head to the perforation is 3120 m.
The model was tested at different times after injection start, but due to the high injection rate the flow became 
adiabatic after just a few weeks of injection. Also short shut in periods did not change this situation significantly. 
The model was run for a number of different gas volume fractions at the well head and the resulting bottom hole 
pressure, bottom hole temperature and transition depth where the flow changes from tow phases to single phase is 
plotted in Figure 1. Parameters used in the simulations are presented in Table 1. Since the bottom hole pressure is 
unknown, it was computed but from reservoir simulations of the Sleipner injection project, [7], [8]. The injectivity is 
very high due to a long perforation (40 m) and good reservoir properties. At full injection rate the bottom 
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hole pressures were calculated to only 2 bars above hydrostatic pressure at the same depth which is approximately 
104 bar, giving a bottom hole pressure of 106 bars. From the graph this corresponds to a gas fraction at the well 
head of 0.85. This corresponds to a phase composition as illustrated in Figure 3.
Figure 2 Transition depths from two-phase flow to single phase flow, pressure and temperature as function of gas volume fraction at 
the well head.
Figure 3 The most likely phase composition profile at the Sleipner CO2 injection well. Below 255 m depth (vertical) the fluid will 
be in single phase all the way down to the formation.
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If the gas fraction was monitored at the well head, it would be possible to determine the bottom hole pressure by 
use of the model. One way to determine volume fraction is to measure the volume rate (mass rate is known) or to 
measure the two-phase density of the flow.
Two other examples of the phase behaviour are illustrated in Figure 4. With a gas volume fraction of 
respectively 0.71 and 0.74 totally different development of the phase transition is taking place. The temperature and 
pressure conditions near the transition depths in these cases are close to critical point of CO2.
Figure 3 Volume fraction of gas phase in the two phase region of the well and temperature profile as function of depth. In the left 
graph a fluid a with a volume fraction of gas of 0.71 at the well head gradually condenses. At 228 m it quickly shifts from 
0.5 volume fraction of gas to pure liquid. In the right graph with volume fraction of 0.74 at the well head also the fluid 
condenses for a while, but at 238 m it quickly vaporises into pure gas.
Table 1 Parameters used in the modelling of the Sleipner injection well.
Parameter Value
Geothermal gradient,  [9] 0.041 K/m
Sea floor temperate 6 °C
Well head temperature 25 °C
Well head pressure 64.343 bar (vapour pressure at 25°C)
Well radius, r 0.1 m
Moody friction factor, f 0.01
Injection rate, m& 0.31688 kg/s
Rock conductivity, K 1.2096 J/(m s K)
Rock thermal diffusivity, D 6.24 -7 m2/s
Acceleration of gravity, g 9.8065 m/s2
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4. Discussion
The specific conductivity conditions near the well (cement, if present, annulus, rock interface etc.) was not 
known for the Sleipner injection well and therefore it was assumed that the conductivity was constant all the way up 
to the pipe. However, the model can easily be extended to take into account these effects even if they vary along the 
well because the equations are solved numerically allowing the heat source term vary at each length step in the 
model. Although the heat transient effect is not very strong for this well, it can be situations were these are more 
pronounced. In a blowout situation the heat transient effect may be much stronger. The model can easily be 
modified to be used for this purpose. Another case that may be modelled with a similar version is leakage from a 
CO2 storage reservoir to the surface through a conducting fracture.
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